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ABSTRACT
Shock Isolation using Magnetorheologically Responsive Technology
By
Vijayasarathy Subramanian
Dr.Woosoon Yim, Examination Committee Chair 
Professor, Dept, of Mechanical Engineering 
University of Nevada, Las Vegas
The purpose of this thesis is to develop a shock isolation system using 
magnetorheologically (MR) responsive technology to isolate shock input to various 
components in the light weight military vehicles susceptible to ballistic shock effects.
Two methods are chosen for isolation of the shock. One is the friction damper based 
on MR fluid and the other is an elastomer based on magnetically responsive elastomer 
(MRE). Both approaches can be utilized for semi-active control schemes that have been 
widely used because of its unique feature of using variable damping and stiffness 
characteristics of the isolator.
In this thesis, both computer simulation and experimental verification are presented to 
show the effectiveness of the technologies in isolating the shock and the performance is 
evaluated by the comparison with the passive isolator as a baseline.
Ill
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CHAPTER 1 
INTRODUCTION
The purpose of this thesis is to develop a shock isolation system using 
magnetorheologically (MR) responsive technology to isolate shock input to various 
components in the light weight military vehicles susceptible to ballistic shock effects. 
System components under shock and vibration are usually undesirable and the isolation 
or suppression of these shock and vibration is the main concern for increasing the lifetime 
of the shock and vibration prone components.
Two methods are chosen for isolation of the shock. One is the MR fluid based friction 
damper and the other is an elastomer based Magnetically Responsive Elastomer (MRE). 
Both approaches can be utilized for Semi-active control schemes that have been widely 
used because of its unique feature of using variable damping and stiffness characteristics 
of the isolator.
The reason for using Semi-active control schemes is that it combines the best features 
of both Active and Passive control systems, offering the reliability of passive devices, yet 
maintaining the versatility and adaptability of the fully active devices [1]. Although 
active devices have the capacity to attenuate disturbances in a wider frequency range, 
systems employing these devices might encounter instability problems due to unmodeled 
dynamics and nonlinearities as well as actuator and sensor failures because they have the 
ability to inject energy into the system. Also, active control systems require large power
1
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sources, sensors, servo valves and sophisticated control logic. Recent work by several 
researchers indicated that Semi-active control systems, when appropriately implemented, 
yields comparatively better results than the passive systems; and may even outperform 
fully active control systems, demonstrating significant potential for controlling shock and 
vibration of mechanical systems to a wide variety of dynamic loading conditions [1-6].
In this thesis, both computer simulation and experimental verification are presented to 
show the effectiveness of the technologies in isolating the shock and the performance is 
evaluated by the comparison with the passive isolator as a baseline.
1.1 Background
Magnetorheological Fluid dampers employ MR fluid, which belong to the class of 
smart materials that have the unique ability to change the rheological properties when 
subjected to magnetic field. The damper force, which opposes the relative motion of its 
ends, is controlled by an electric current applied to an electromagnetic coil contained in 
the piston of the damper. More current equals more damping force and any modification 
to the current results in an immediate change in the damping force. At its heart is the 
magnetorheological or MR fluid damper. MR fluid contains magnetically soft tiny iron 
particles and is housed in the dampers. When exposed to magnetic field the fluid 
viscosity changes forming a near plastic state. The transition from liquid to rheological 
equilibrium is attained in the order of milliseconds, which enables us to construct MR 
dampers with high bandwidth [7]. This feature provides simple, quiet, rapid response 
interfaces between electronic controls and mechanical systems. When compared to ER 
fluids, MR fluids have superior properties, including an order of magnitude higher yield
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
stress, typically 50-100 kPa, lower power requirement and a much wider temperature 
range of operation.
MR dampers exhibit highly nonlinear and hysteretic force velocity response, which is 
the main hindrance for the design of effective control strategies. So in order to design an 
effective controller, an accurate mathematical model of the MR damper is required.
Different techniques have been developed in literature to model the behavior of the 
MR/ER dampers. Basically, two types of models have been investigated: nonparametric 
and parametric models. In [8], a nonparametric approach is presented to model a small 
ER damper that operates under shear mode by assuming that the damper force could be 
written in terms of Chebychev polynomials. This approach is extended to model the ER 
damper in [9,10]. A neural network model to emulate the dynamic behavior of MR 
dampers is developed by [11]. However, the non-parametric damper models are quite 
complicated. A simple Bingham plastic model [12,13] gives a good description of post­
yield force behavior of ER or MR damper and accurately accounts for energy dissipation 
and force vs. displacement characteristics. However, the transition from pre-yield to post­
yield is discontinuous and the hysteretic behavior cannot be described. The hysteretic 
Bingham plastic model [14, 15], which can accurately capture the post-yield and 
hysteretic pre-yield force of MR damper, was proposed through the modification of 
Bingham plastic model. The hysteresis bi-viscous model [16-18] is composed of several 
piecewise continuous models, so it is complicated, but well describes the hysteresis 
behavior of MR dampers. The nonlinear viscoelastic plastic model [19-21] has several 
parameters associated with pre-yield and post-yield mechanisms, and shows good 
accuracy in predicting the damping force of the MR damper. The Bouc-Wen model [1,7]
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for ER/MR dampers has the most parameters of the models considered here to identify. 
Its mathematical formulation consists of 4 strong nonlinear differential equations. 
However, this model is accurate in predicting the damping force in both pre-yield and 
post-yield regions. The polynomial model proposed in [22] captures the field dependent 
hysteretic behavior of MR dampers. The hydro-mechanical model proposed in [23] 
utilizes a differential equation, but accounts for physical parameters such as inertia, 
damping, yield force and compliances associated with MR or ER dampers.
Although the discovery of ER and MR fluids dates back to the 1940s, only recently 
have they been applied to engineering applications. To date, a number of ER fluid 
dampers have been investigated for civil engineering structural vibration control 
applications [10-12, 24, 25]. In [26], the semi-active control of a vibrating system is 
achieved by means of an ER damper using Lyapunov stability theory. To accommodate 
state measurement errors the proposed control scheme is combined with fuzzy control 
concept. In [27], two control schemes, one based on minimizing the rate of change of 
energy of the body and the other based on considerations of Lyapunov stability theory are 
proposed for attenuation of undesirable vibrations. A full car suspension system featuring 
ER dampers was proposed and its feedback control performance was presented via 
hardware in-the-loop simulation in [28]. In order to obtain a favorable control 
performance of the ER suspension system subjected to parameter uncertainties and 
external disturbances, a sliding mode controller is designed. A number of experimental 
studies have been conducted to evaluate the usefulness of MR dampers for vibration 
reduction under wind and earthquakes. In Refs. [1-3, 29-31], MR dampers are used to 
reduce the seismic vibration of model building structures. Refs. [4-6] incorporated an MR
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
damper with a base isolation system such that the isolation system would be effective 
under both strong and moderate earthquakes. A Lyapunov based controller is designed to 
protect large civil structures using MR dampers [32]. Skyhook and sliding mode 
controllers for semi-active MR damper shock isolation systems have been proposed in 
[33]. In [34], a sliding mode controller, robust against parameter variations and external 
disturbances, was formulated to attenuate the acceleration and displacement of the 
landing gear system. A semi-active controller based on Lyapunov design [35] for 
vibration suppression has the disadvantage of excessive chattering of the control input.
1.2 Overview of the Thesis
Shock Isolation of the payload mass is the main objective of this research. An 
experimental setup for modeling and testing of MR damper and MR elastomer has been 
built. Chapter 2 deals with the modeling of magnetorheological damper. A hysteretic 
model is considered and the data obtained from the laboratory tests is used to fit the 
model. The parameters of the model were estimated and the model was validated.
Chapter 3 deals with the Predictive Control Law Design, which is a joint research 
with Mr.Ganesh and Dr.Sahjendra Singh.
In chapter 4 the experimental setup is dealt in a very detailed manner. The 
components used and the way they are assembled is explained.
In chapter 5, modeling of magnetorheological elastomer was dealt. The stiffness of 
the MRE changes with the strength of the applied magnetic field. System Identification 
toolbox in MATLAB is employed to find the transfer function of the system. The transfer
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functions of the system with and without magnetic field are compared. The different 
excitation inputs in this modeling are sine, chirp and shock.
Conclusion and future works is discussed in Chapter 6.
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CHAPTER 2
MATHEMATICAL MODELING OF MR DAMPER
2.1 MR Fluid Damper
MR fluid dampers have Magnetorheological fluids, which belong to the class of 
controllable fluids. The essential characteristic of MR fluids is their ability to reversibly 
change from free flowing, linear viscous liquids to semi-solids having a controllable yield 
strength in milliseconds when exposed to a magnetic field. This feature provides simple, 
quiet, rapid-response interfaces between electronic controls and mechanical systems. MR 
dampers are relatively new semi-active devices that utilize MR fluids to provide 
controllable damping forces. The initial discovery and development of MR fluids can be 
credited to Jacob Rabinow at the US National Bureau of Standards in the late 1940s. 
These fluids are suspensions of micron-sized, magnetizable particles in an appropriate 
carrier liquid. The MR damper is a semi active control device. It is a cylindrical device 
with a three stage piston as seen in Figure 2.1. Inside the cylinder and surrounding the 
piston is a type of controllable fluid, that is, a fluid which is able to change its rheological 
behavior. The controllable fluid is composed of micron-sized, para-magnetic polarizable 
iron particles suspended in a liquid, which can be water, glycol, synthetic or mineral oil. 
When a current is introduced into the system, a magnetic field is created along the three 
stage piston. The para-magnetic particles line up with magnetic field and form chains.
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changing the rheological behavior of the controllable fluid, in other words it can change 
the viscosity of the liquid, depending on the magnetic field intensity. The field, and thus 
the viscosity, is proportional to the amount of current applied to the damper.
Therm al Expansion 
A ccum ulator
M agrM tic Flux
3-S tage  Piston
MR Flu
LORO ^
R lw o n e t i c " ' S o is m ic  D a m p e r
Figure 2.1 MR Fluid damper (Model MRD-9000, Lord Co)
2.2 Mathematical modeling
In order to take full advantage of the unique features of the MR damper, a 
mathematical model must be developed to accurately predict the behavior of the MR 
damper under magnetic field. Moreover the development of an effective controller for 
realizing effective damping depends upon the precise characterization of force and 
velocity characteristics of the MR damper.
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2.3 Experimental setup and modeling of force-velocity characteristics
The MR damper RD-1005-3, developed by Lord Corporation is employed for 
modeling its hysteretic force-velocity characteristics. The damper consists of a nitrogen- 
charged accumulator and two MR-fluid chambers separated by a piston with orifices and 
coils. A DC current, limited to 2A serves as the command current for the MR damper. 
The force and displacement data of the MR damper are observed in order to characterize 
the damper hysteresis for different range of excitation signals. The experiment on the MR 
damper was conducted in the MTS hydraulic machine by installing the damper between 
the exciter and a fixed frame through a force transducer as shown in Figure 2.2. 
Displacement sensor is installed on the exciter to observe the instantaneous position of 
the damper.
Figure 2.2 MTS machine with MR fluid damper
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The instantaneous velocity is calculated by differentiating the displacement values. 
The damper is then subjected to sinusoidal excitations of different fixed amplitudes at 
different discrete frequencies. The force and displacement values acquired through a data 
acquisition board, are directly imported into an excel worksheet using dynamic data 
exchange. Rheonetic™ Wonder Box® Device Controller Kit is used to supply the 
command current to the MR damper. The experiment is conducted for a frequency values 
of IHz and 3Hz keeping the amplitude constant and for different values of command 
current (increments of 0.5V) for each frequency. The amplitude at 3 Hz is kept down in
(
value in order to make sure that the MR damper is operated within the safe velocity limit. 
The plot of force vs. velocity showed significant hysteresis and the inference that the 
behavior of the MR damper strongly relied on the applied current, frequency and 
amplitude. The observed hysteresis curve is expressed using two tan-hyperbolic 
functions.
Figure 2.3 Tan-hyperbolic function
10
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Force Ibf
Velocily (in/sec)
Figure 2.4 Hysteresis Curve model
One of the tan-hyperbolic functions takes care of the ascending part of the hysteresis 
while the other takes care of the descending part. This when combined gives hysteresis 
curve shown in Figure 2.4. Moreover we have to come up with a mathematical model, 
which will account for the change in damping due to the input current. The damping 
force of the MR damper [18], [21] is modeled by
f ^ = { a  + p i ^ y  tanh |/l(v  + v&* sgn(v)) }■ * {l -t- k|v|}+ / ,do (2.1)
The model mentioned above comprises of six parameters, which accounts for the 
various attributes of the hysteresis curve. The tan hyperbolic function is multiplied by the 
term a  + pl^  in order to account for the variation in the damping force due to the
variation in the input current Ic- The ( v + * sgn(v) ) accounts for the shift in velocity
during acceleration and deceleration. An offset in the force fdo is included to account for 
the nonzero mean observed in the measured force due to the presence of the accumulator
11
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in the MR damper. The ability of the above mathematical model to predict the behavior 
of the MR damper was determined by fitting it using sinusoidal data with input 
frequencies while the input current to the MR damper was varied from 0.3 A to 2A.
For obtaining the parameters in the analytical model of Equation (2.1), the method of 
least squares is used for minimizing
E = (2-2)
1
where/exp is the force obtained from laboratory tests.
Substituting fo r /,in  Equation (3.2) gives
E = + p i c ) * tanh{/l(v .̂ + )}*{l + k\vj |}+ /^g - /,,p } (2.3)
M
Differentiating the above equation with respect to the parameters and equating them 
to zero yields us the value of five parameters a ,  /3, A, Vb and k that minimize E.
dE dE dE dE dE -
d a  d p  dÀ dv, dk
where
= |ll2 ^ a r+ /S /J* tan h { /l(V j + vj}*{l + *|vj|}+/^o -/„p}*tanh{A(Vj. + v^)}*^ + A:„|vj}| = 0
da
0  = | z + tanh{/l(Vj + v j} * {[ + *|vj}+ * tanh{l(vj + v,)}*|i + *„|v^|}| = 0
^  = | Z  * tanh{4(v̂ . + v j}* { l + A:|v̂ |}+ -  /„p}*(or+ )|i+<r|v,|]{l -  tanh"[l(v^ + vj}}*(v^. + v j j  = 0
1 /  = * tanh{̂ (’'7 + ''<.)}*+ *|v;|}+ Eo -  /exph(ûr + + ̂ |vy|}{l -  tanh^(^(v  ̂+ v j}}* /l j = 0
b L;=l
^  = | S  2{(« + /^0*  tanh{A(v  ̂+ vj}* {l + A:|vj}+ -  f ^ ^ { a  + ̂ /J *  tanh{2(v  ̂+ v,)}*|vj|| = 0
12
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Solving the above five equations the values of parameters are a  = 179.87N, ^  = 
269.53N/A, X = 91.2s/m, k  = 33.2s/m, Vb = 0.000285m/s,/do = 155.7N. These values were 
obtained for sine input of 1 Hz.
Substituting these values of the parameters in the model, the damping force for any 
given velocity and control current can be calculated. Comparison of the force-velocity 
plots and force-displacement plots for each of the command current is shown below. The 
dotted line represents the experimental data and the solid line represents the predicted 
data.
2.4 Comparison plots
Fr^uency = 1 Hz Volts = 1. V
400
300
200
3100
-100
-200
-300
-400,
-400
•300
-200
-100
£ 100
200
300
40g
Frequency = 1 Hz Volte = 1. V
8 -0.6 -0 4  -0.2 0 0.2 0.4 0.6
Displacement (in)
Figure 2.5 Comparison plot for 1 V
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Figure 2.6 Comparison plot for 1.5 V
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Figure 2.7 Comparison plot for 2 V
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2.5 Mathematical modeling of the MR damper system
Figure 2.11 shows a single degree-of-freedom magnetorheological fluid damper 
(MFD) system. The dynamic equation describing the motion of the mass M is given by 
M z, = (z, -  z J  -  C(z, -  z J  -  F  (2.5)
where zi is the position of the payload mass M; zz is the position of the base; K and C are 
spring constant and viscous damping coefficients respectively and F is the MFD force. In 
this model, zz and describing the position and velocity of the base are exogenous
signals, which are measurable and are obtained by integrating specified acceleration 
profile of the base experienced in the field tests. The MFD generated force is simplified 
from its original form in Equation (2.1) for controller purposes
F  = (a  + ya^^)tanh(i(vi - v j ) +  (2-6)
where V[ = z^, Vz = 2^, and a, P, X are constants. The derivation of predictive controller is 
done using a simplified model of Equation 3.1 and we notice that MR damper has linear
16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
viscous damping as well as it is a nonlinear function of Az. The delay in generating the 
MFD force is modeled by the first order filter
(2 7)
where /c is the current input. Id is the delay in the control input and r  is the time constant.
K
Base Input
z1
z2
Figure 2.11 MR Damper Based Single Degree-of-Freedom Shock Isolation System
We are interested in designing a control system so that the shock transmitted to the 
payload is minimized and the subsequent motion, when the external force on the base has 
disappeared, is quickly damped.
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTERS 
PREDICTIVE CONTROL LAW d e s i g n ’
3.1 Introduction
The predictive controller is designed to minimize the transmitted shock to the 
payload, using the performance criterion of
T _  + h) + q2Z^{t + h) + (t + h) + + h) + £l^
This performance criterion is selected as we want to reduce the acceleration, velocity 
and displacement that’s transmitted to the payload.
where % denotes the third derivative of zi, and Z{t)  = [z,ZiZiZi f  G R'’, Q = diag (ç,), Ic is 
the control current ^/ > 0, e > 0 are positive real numbers.
In this control law, the optimal selection of L  is carried out using the nonlinear 
predictive control technique. It is noted that by the suitable choice of the weighting 
parameters qi and e in Equation 4.1, it is possible to make trade-off among the response 
characteristics of the position, velocity, acceleration and jerk variables, and the input 
current magnitude.
' This work is the joint research with Dr.Sahjendra Singh and Mr.Ganesh.
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Defining x = [ z , ,z , , /^ f  6 R^as the state vector, one can obtain the state variable 
representation of the single mass MFD system represented by Equation 2.5 through 2.7
x  = fo{x ,v^)  + g I ^ + d { z 2 , V 2 ) ^ f { x , t )  + gI^ (3.2)
where
fo(X,V2) = Kzi - C%2 -(<% + y&g)tanh(>l(x2 - Vj))- 9.8M
f i x ,  t) = /o (x, Vj ) + d(Z2, V2 )
8 =
0
0
We note here that/(x,r) and d(t) as functions of t indicate their dependence on the 
variables (Z2,V2).
To this end it will be convenient to introduce Lie derivative of a scalar function y(x,t) 
along a vector field f(x,t) defined as
L f H x , t )  = ^  + ̂ f i x )  
at dx
and the Lie derivative of y(x,t) with respect to the vector field g  as
Then it easily follows that
LyZi = ^ f ( x , t )  = [l 0 0]f (x, t )  = X2 
ox
LyZi =L^(L^Zi) = [0 1 0]f(x, t )  = / 2 (x,t)
(3.3)
(3.4)
19
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ÜfZi — L f i Û f Z ^ ) +  f { x , t )  
dt dx
L g Z i  — 0 , L ^ L j Z i  — 0 , L ^ L ^ Z i  — L ^ f 2 ( x , t )  — g  — - z ^  T
dx dx.
(3.5)
and the derivatives of zi are given by z, = = L^fZi,z\ = LyZ, + (LgÛjZi)!^
For the predictive control design we expand z ,, z ,  and  z ,  using Taylor series to obtain
z ,  (t + h) = z ,  (t) +Zi(t)h + z’l ( 0 — + z\ ( 0 — + h.oJ
= z, (0 + A(Z., Z, ) + ̂  ( 4  z.) + [ 4  z, + ( l ,  /  4  z, K 1
z ,  (t + h) = Z, (t) + Z , (t)h + Zj ( 0 —  + h.o.t
= L , z , + h { L ] z , ) + ! ^ [ L \ x ,  + ( 4 4 x > J
z’l ( t  +  h )  =  z ,  ( t )  +  z \  ( t ) h  +  h .O X
= L ] x ^+ h[üfX^ + (l  ̂ / L)x, )/, J
where A > 0 is a small design parameter. 
Using Equation (3.6), one has
/j2 ĵ3
Zi(t)  +  hLj:Zi + — ÛfXi + — ^ Z i
Z { t )=  LyZi +ATyZi + — l}zi
JLfZi"^ hLijZi
4 z ,
3!
+
2!
h
1
( 4 4 ^ . K
(3.6)
(3.7)
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where E  is defined in Equation 3.7 and D(x,t) is D(x,t) =
3! 2!
R 4
Now the performance index can be compactly written as
J  = ^ [ E i x , t )  + D (x , t ) lY Q [ E (x , t )  + D (x , t ) l ]  + ̂ £ l ^  (3.8)
For minimizing J  we differentiate J  with respect to and set the derivative to zero, 
yielding
^  = D'^ ix, t )QEix, t )  + (D ^ ix , t )Q D ix , t )  + €)I^ - 0  (3.9)
oLc
Solving Eq. (3.9) gives the optimal control law
Of course, the current input is constrained and is bounded as
0 < / , ( 0 < / „  (3.11)
where Im is its maximum value. Thus the predictive control law satisfying the inequality 
Eq. (3.11) is given by
3.2 Simulation Results
In this section, the simulation results are presented. Figure 2.5 through Figure 2.10 
shows the validity of the proposed model by comparing it with the experimental results. 
In the plots shown, solid line indicates experimental results and the dashed line indicates
21
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the force obtained from model are found to be a  = 179.87, P = 269.53, k =  91.2, =
155.69 using the method of least squares. The mechanical parameters used for the 
simulation are M = 10 Kg, K  = 2500000 N/m, C = 100 Ns/m. The parameter x in (2.7) 
represents the delay in generating the damper force and is taken as 1 ms.
Figure 3.1 shows the acceleration and velocity profiles from typical ballistic shock 
applied under military vehicle. Figure 3.2 and Figure 3.3 present the simulation response 
of the MR damper shock isolation system against the acceleration impact waveform of 
Figure 3.1 using the predictive control technique and passive frictional damping. These 
two figures have the same value of mechanical parameters but different weighting 
matrices to emphasize the effect of weighting matrices on shock mitigation performance. 
The weighting parameters for Figure 3.2 are qi = 0, ^2 = 100, qs=  1, =1, e = 10^ and
for Figure 3.3 they are qi = 0, ^2 = 10, qs = 1, q4 =1, e = 10^ and h = 10  ̂is the design 
parameter used in both the cases.
Figure 3.4 presents the shock response spectra for passive frictional damper (/c=0) 
and semi active MR damper. It is evident from this plot that the semi-active MR damper 
shows same or better shock mitigation performance than a passive frictional damper for 
most of the frequency range. As shown in the plots the proposed model is effective in 
characterizing the MR damper characteristics and the designed predictive controller is 
effective in the shock isolation of the payload mass.
22
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Figure 3.1 Shock input applied to the base
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Figure 3.4 The shock response spectra (SRS) of the shock isolation system.
3.3 Conclusion
In this chapter, a new model for MR damper is developed based on the experimental 
results. The validity of the proposed model is shown for different voltage values 
(magnetic excitations). Then a predictive controller based on the simplified model is 
designed. The magnitude of control input is not clamped in an ad-hock way since it is 
made as a design parameters by the choice of weighting matrices. Extensive simulation 
was done. These results show that the derived control system is effective in the shock
26
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isolation of the payload. The predictive control system has enough flexibility in the 
choice of weighting parameters to shape the transient response.
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CHAPTER 4
EXPERIMENTAL SETUP
An experimental setup has been built to validate the analytical models of the MR 
damper and the MR elastomer. The experimental setup can also be used to validate the 
control algorithm for shocks and vibration isolation with an appropriate modification. 
The main components of the experimental setup are 
ELECTRO-SEIS® Model 113 Shaker 
DUAL-MODE Model 114-EP Amplifier 
Quanser Q8 Hardware in the Loop Board 
Laser Displacement Sensor (Model ILD 1400-50)
F W Bell 5180 Gauss/Tesla Meter 
Force Sensor (PCB 208C02)
Industrial ICP® Accelerometer 
Din Rail ICP® Signal Conditioner 
Agilent E36I5A DC Power Supply 
Electromagnets 
Linear air bearing 
Filter, Regulator, Lubricator
28
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4.1 ELECTRO-SEIS® Model 113 Shaker
The Model 113 ELECTRO-SEIS Shaker (see Figure 4.1) is a long stroke, electro­
dynamic shaker, designed to be used alone or in arrays for exciting and studying the 
dynamic response characteristics of structures in the seismic frequency range. Its design 
has been optimized specifically for driving structures at their natural resonance 
frequencies, delivering maximum power to such resonant loads, with minimum total 
shaker weight and drive power. The unit employs permanent magnets and is configured 
such that the armature coil remains in a uniform magnetic field over the entire stroke 
range.
Figure 4.1 ELECTRO-SEIS® Model 113 Shaker
4.2 DUAL-MODE Model 114-EP Amplifier
The model 114-EP Power Amplifier (Figure 4.2) is designed to provide drive power 
for shakers such as the Models 113, 129, 400 and 500. The amplifier features extended 
power option, which provide higher peak power with the same average power of the
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basic model. The DUAL-MODE feature of the unit allows operation in either a voltage or 
current amplifier mode, selectable from the front panel.
The Model 114-EP Power Amplifier consists of two heat sink mounted power 
modules, a circuit board containing input amplifiers, a current monitor amplifier and an 
output short-to-ground detector and relay. In addition, a power supply section provides 
positive and negative voltage. There are two operating modes: Voltage mode and Current 
mode.
The voltage mode is used for general shaker operation. This mode produces an 
approximate “constant velocity” response as a function of frequency in the region of 
armature suspension response. This mode produces high internal damping in the shaker 
armature motion due to the low amplifier source impedance.
Figure 4.2 DUAL-MODE Model 114-EP Amplifier
The current mode is normally used in modal test excitation or whenever it is desired 
that the shaker have minimum effect on the system damping. This is particularly 
important during measurement effect on the system damping. The response of the shaker
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driven by the amplifier in the current mode is essentially “constant-force” with varying 
load conditions and drive frequency.
The AMPLITUDE control allows adjustment of the amplifier output from zero to the 
maximum rated output. When the control is set to full clockwise, the maximum input 
signal applied to the amplifier should be adjusted to 2V peak.
4.3 Quanser Q8 Hardware in the Loop Board
The Q8 is an innovative H.I.L. Control Board (Figure 4.3) with an extensive range of 
input and output support. A wide variety of devices with analog and digital sensors as 
well as quadrature encoders are easily connected to the Q8.
The Q8 has 8 single-ended analog inputs with 14-bit resolution (sign-extended to 16 
bits in hardware). With A/D conversion times of 2.4 jus/channel, simultaneous sampling 
and sampling frequencies of up to 350 kHz for 2 channels, the Q8 can handle even your 
most demanding performance requirements. All 8 channels can be sampled 
simultaneously at 100 kHz.
Figure 4.3 Quanser Q8 Hardware in the Loop Board
31
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The Q8 is equipped with 8 analog outputs, with software programmable voltage 
ranges and simultaneous update capability with an 8 /xs settling time over full scale 
(20V). When combined with WinCon 4.0 and a PC, the Q8 yields a world of real-time 
control possibilities.
4.4 Laser Displacement Sensor
Laser displacement sensor (Figure 4.4) provides absolute, linear position 
measurement. Their non-contacting design provides high reliability with no degradation 
of performance with respect to time or number of cycles of operation. They provide an 
extremely reliable solution for a precise linear displacement. It is used to convert the 
physical displacement or position into electric signal for control purposes. Model ILD 
1400-50 is used in the setup to measure the displacement. It has a measuring range of 2” 
and a measuring rate of 1 kHz. A displacement of 0.486” gives an output of IV.
Figure 4.4 Laser Displacement Sensor (Model ILD 1400-50)
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4.5 F W Bell 5180 Gauss/Tesla Meter
The 5100 Series Hall effect portable gauss meter (Figure 4.5) represents the most 
recent design in magnetic measuring equipment. This new design incorporates the use of 
digital signal processing technology.
Figure 4.5 F W Bell 5180 Gauss/Tesla Meter
4.6 Force Sensor
A force sensor is used to measure the force that is being transmitted through the MR 
damper or MR elastomer. PCB Piezoelectronics manufactured force sensor Model 
208C02 (Figure 4.6) is used in this experimental setup to measure the transmitted force. 
The sensitivity of this force sensor is 47.40 mV/LBF or 10.66 mV/N.
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Figure 4.6 Force Sensor
4.7 Industrial ICP Accelerometer
Accelerometers are used to measure the acceleration (see Figure 4.7). This is attached 
to the shaker and it is used to record the input acceleration to the system. It converts the 
acceleration into corresponding electric signal, which can then be used for control 
purposes.
Figure 4.7 Industrial ICP ‘ Accelerometer
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4.8 Din Rail ICP Signal Conditioner
This model is a 4-20mA Din Rail Signal Conditioner (see Figure 4.8) designed to 
interface with IMI Sensor’s ICP® Accelerometer. Acceleration, Velocity, or 
Displacement can be converted to a 4-20mA signal by simple DIP switch selection 
internal to the Din Rail enclosure.
Figure 4.8 Din Rail ICP Signal Conditioner
4.9 Agilent E36I5A DC Power Supply
The power supply that is used in this experimental setup to energize the 
electromagnet is Agilent E36I5A DC Power Supply. This power supply is suitable for 
either bench or rack mounted operation. It is a compact, well regulated. Constant 
Voltage/Constant Current supply that will furnish full rated output voltage at the 
maximum rated output current or can be continuously adjusted through out the output 
range. The output can be adjusted both locally from the front panel and remotely by 
changing the settings of the rear panel switches.
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4.10 Electromagnets
A pair of electromagnets is used to provide uniform magnetic field around the 
MR elastomer. The electromagnet used is E-40-300 purchased from Magnetic sensor 
systems. The operating voltage of the electromagnet is 24V. The electromagnet that is 
employed here is 3 inches in diameter and 4 inches in length. The maximum magnetic 
field that we were able to achieve when the unlike poles of the electromagnets were kept 
closer is around 1 Tesla. The main advantage of an electromagnet over a permanent 
magnet is that the magnetic field can be switched on and off, reversed, or varied in 
strength by controlling the electric current. It is disadvantageous, though, because it 
consumes electrical power, and usually generates a weaker field than the iron core would 
produce if magnetized permanently.
4.11 Air linear bearing
Air linear bearing is used to reduce friction between moving blocks and the gliding 
rods. Compressed air is supplied to the air bearings and pressure in the air bearings is 
increased due to which a thin film of air is maintained between the glide rods and moving 
blocks. This ensures almost zero friction between the moving parts of the setup.
4.12 Filter Regulator Lubricator Unit
FRL unit is used to route air to the Linear Air Bearings. The main air supply is the 
input to the FRL unit and the output of the FRL unit is directed to the Linear Air 
Bearings. The main function of this unit is to filter any dust particles or impurities in the 
air and to regulate the pressure of the supplied air.
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4.13 Experimental Setup
The model 114-EP Power Amplifier is employed to provide drive power for the 
shaker. The shaker’s excitation is controlled by the signal from the Power Amplifier, 
which in turn is controlled by the Simulink model in the computer. Quanser control 
hardware along with the WinCon software acts as the interface between the Simulink 
model and the Power Amplifier. The shaker is attached to the framework of the setup, 
which has provisions to hold and test the MR damper and MR elastomer. The shaker is 
attached to a moving block, there is a fixed block on the other end, and the MRE or the 
MR damper is held in between these blocks by clamps, (see Figure 4.9)
The force sensor is attached in between the clamps and the fixed block. This makes 
sure that we measure the exact force acting on the MRE or the MR damper. Laser 
displacement sensor is used to measure the displacement. Laser displacement sensor 
works on the principle of reflection. The laser sensor is fixed on a static block and the 
reflecting surface is attached to the moving block in such a way the laser pointer hits the 
reflecting surface normally.
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Laser displacement 
sensor
MRE Electromagnet 
Sample
Dynamic load cell
Figure 4.9 Experimental Setup
The force sensor is connected to the analog inputs of the Quanser control board 
through a signal conditioner. The data can be observed and recorded in MATLAB 
workspace through the analog inputs. In case of the Laser displacement sensor, it is 
connected directly to the Quanser Hardware (Analog inputs) and the data is recorded.
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CHAPTER 5
MATHEMATICAL MODELING OF MR ELASTOMER
5.1 Introduction
Magnetorheological elastomers are materials that have polarizable particles arranged 
in chains in polymer media such as silicon rubbers and natural rubbers. The physical 
phenomena seen in MR elastomers are very similar to those in MR fluids. However, the 
particle chains within the elastomer composite are intended to operate in the pre yield 
regime, whereas MR fluids typically operate within a post yield continuous shear or flow 
regime.
To fabricate MR elastomers, a strong magnetic field is needed. The typical curing 
magnetic field strength is approximately 8 x 106 A/m. Chain formation results from the 
anisotropic magnetic forces among the particles. When individual particles are exposed to 
an applied magnetic field, magnetic dipole moments pointing along the magnetic field are 
induced in the particles. Pairs of particles form head-to-tail chains. When the elastomer is 
cured, the particles are locked into place and when a shear force is applied to the material, 
additional work is needed to overcome the dipole interactions in the elastomer^ The 
amount of additional work rises monotonically with the increase of the magnetic field, 
resulting in a field-dependent shear modulus. Although there are few applications of MR 
elastomers available now, the potential application for these materials is promising. The
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possible applications include adaptive tuned vibration absorbers, stiffness tunable 
mounts, and automobile suspensions. Figure 5.1 shows the inner structure of MRE and 
MR Fluid damper with and without magnetic field. It is observed that the soft iron 
particles align to form a chain like structure and thus making MRE stiffer for any shear 
load.
MR Technology
With fielti aiid shest 
tTlCKlc)
W lüîout ticld
MRF
With tkki atwi flow 
/îlow nioclc i
Figure 5.1 MR Elastomer and MR Fluid damper
5.2 Viscoelastic modeling of MRE
A viscolelastic material is one in which we can observe hysteresis in the stress-strain 
curve. Viscoelastic material models are frequently used to describe the behavior of
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rubber, a base material of MRE. The mechanical behaviour of a linear viscoelastic 
material can be described by a constitutive equation of the differential form
Po<y + p,<r + P 2O + p jtf  + H—  = q^e + q^é + q^ë  + q^'é + H—  (5.1)
where <r is the stress and e is the strain induced in the MRE. The constants in the 
differential operator form of the constitutive equation may be obtained by carrying out 
standard creep (or relaxation) experiments. Creep relaxation is a transient stress-strain 
condition in which the strain increases concurrently with decay in stress.
Very commonly used viscolelastic material models are Kelvin and Maxwell models 
[36]. These models can be represented by springs and dashpots in combinations of series 
and parallel elements. The schematics of both Maxwell model and Kelvin model are 
shown in Figure 5.2and Figure 5.3. In Maxwell model the spring and dashpot are 
connected in series as shown in Figure 5.2.
Figure 5.2 Maxwell Model
The spring and dashpot are connected in parallel in Kelvin model. These are the 
simplest models based on the theory of linear viscoelasticity. Maxwell model handles 
creep and recovery very badly and it accounts fairly well for relaxation. Kelvin model 
handles creep and recovery fairly well and does not account for relaxation.
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Figure 5.3 Kelvin Model
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Figure 5.4 Standard Linear Solid Model
The model shown below in Figure 5.4 is Standard Linear Solid model, also known as 
Zener model can be represented in a couple of ways, a spring in series with a Kelvin 
model or a spring in parallel with Maxwell model. Standard linear Solid model handles 
creep, recovery and relaxation fairly well.
Figure 5.5and Figure 5.6 shows the experimental setup used to model the MR Elastomer.
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Figure 5.5 Experimental setup for MRE
Laser Displacement Sensor
Load Cell
Fixed mass Moving mass
Shaker
Electromagnet 
Figure 5.6 Schematic diagram of the experimental setup
In this experiment, the model 114-EP Power Amplifier is employed to provide drive 
power for the shaker, where the Simulink based real time controller (Quanser Q8 terminal
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board) is connected to this amplifier to send the control signal. The shaker is attached to 
the fixed granite table, which has provisions to hold and test the MR elastomer. The 
shaker is attached to the Aluminum adapter that holds the MRE and the other side of the 
adapter is fixed to the load cell attached to the fixed block. This makes sure that we 
measure the exact force acting on the MRE. The laser displacement sensor shown in 
Figure 5.6 is used to measure the shear deformation of the MRE. The laser displacement 
sensor works on the principle of optical triangulation. The laser sensor is fixed on a static 
block as shown in Figure 5.5and the target surface is attached to the moving block in 
such a way the laser pointer hits the reflecting target surface normally.
The MRE used in this research is fabricated in the Active Materials and Processing 
Laboratory (AMPL) at the University of Nevada, Reno. Fabrication procedure of the 
MRE is shown in Figure 5.7. In this procedure the baseline elastomer of RTV 500 and 
100 are used and MR iron particles are mixed in 40% volume. This mixture is molded in 
the disk shape and cured under magnetic field to align iron particles in the mixture as 
shown in Figure 5.7.
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Figure 5.7 Fabrication procedure of MRE and cross section of MRE showing aligned
iron particles
For the dynamic property characterization of the MRE, the Dynamic Material 
Analyzer (DMA, Perkin Elmer) is used for the frequency range from 0.1 to 50Hz. Also, 
the test setup shown in Figure 5.6 is used for identifying the dynamic properties under 
impact and chirp signal. Due to the speed limitation of the DMA and the electromagnetic 
shaker used for the chirp signal, the impact hammer based identification procedure is 
used to find out the high frequency characteristics of the MRE.
Force direction
Specimen
hear
probe
&
Direction of MR 
particles
Figure 5.8 DMA test of MRE under compression and shear under 0.5 Tesla
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In Figure 5.4, m  is the total mass (moving mass) attached to the MRE on the shaker 
side, X  is the displacement of the moving mass, and/(r) is the force applied on the moving 
mass by the shaker. The combination of ki, k2 and c forms the Magnetorheological 
Elastomer (MRE) a n d ^  is the force observed in the load cell.
mx
<r
> f{ t )
Figure 5.9 Free body diagram
From the above FED, we have the following equations
rm  + k^x — c{x' -  x )=  f i t )  (5.2)
c(jc' -  jc) + ^2 = 0 (5.3)
Canceling x ’ from (5.2) and (5.3) using the Laplace transform, the relation between 
X(s) and F(s) can be determined as
cs + k^
(5.4)
F(^) r \  me mk.2 L2
\k fC 2
S  +
Ĉ&2 +kyC^
k,k
5  + 1
2 y
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5.3 Complex Shear Modulus
Since only the force on the fixed mass is measurable, it is required to derive a relation 
between the f o r c e o n  the load cell and displacement x  of the moving mass.
The force on the load cell can be expressed as 
= k^x + k^x'
Using equation (5.2) and (5.3) f i  can be expressed as
f t = k ^ x  +
r \cs
cs + k 2 j
ck,sx + k ,k^x + CSX
x  = —  --------— ---------
cs + k~
(5.5)
Using Equation (5.5) the relation between the measured force fL and the shear 
deformation x in the Laplace domain become
Fi^{s) _  c{ky + 1)5 + kfc^ 
X  (5) cs + ^2
(5.6)
The data from the load cell and the displacement sensor is recorded and they are used 
in the MATLAB’s System identification Toolbox to determine the transfer function 
shown in equation (5.6). Figure 5.10 shows the geometry of the MRE sample tested in the 
lab
Figure 5.10 Geometry of the MRE
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Transforming Equation 5.6 back to the time domain, the differential equation relating 
the shear deformation x and the load cell reading/z, becomes
c f i  + kjc^x  (5.7)
The shear deformation x and the load cell reading/z, can be expressed as shear stress x 
and shear strain y as
Substituting Equation (5.8) to Equation (5.7) linear model describing the viscoelastic 
properties of the MRE becomes
c A f+ k 2 A T  = c { k + l)h ÿ + k ^ k 2 h Y  (5.9)
Applying Fourier transform on both sides of Equation (5.9), the complex shear 
modulus G (co) becomes
g (o) b  ) -  + 1 ) ^ ^
'  " n j ( 0 )  Ak2 + jAcû)
C
_  M, k̂ k2 _ l+ja2(BJco
K
where Bm is the average magnetic induction in the MRE and K^,  «i, are magnetic 
induction (B^) dependent terms in the complex shear modulus G{co,B^). ATm, «i, Oi can
be determined experimentally using the data obtained under various magnitude of 
magnetic induction B„.
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5.4 Experiment
The MRE was subjected to the different kinds of excitation and the load cell and 
displacement sensor readings were recorded. Excitation signals in our case were
1. Chirp and
2. Shock.
All these two excitation signals were applied and the data was recorded for two cases 
of with and without a magnetic field. These data are then used in the System 
Identification Toolbox to identify the shear modulus G(a>) shown in Equation (5.10)
Due to the limitation of the dynamic bandwidth of the electromagnetic shaker the 
chirp signal of frequency range between 0-20 Hz is used. For the shock input, the impact 
hammer is used and Figure 5.12 shows the acceleration plot of the impact applied to the 
MRE to excite more high frequency characteristics of the MRE.
5.5 Chirp Input Case
The chirp input signal in this case attains a frequency of 20 Hz starting from 1 Hz for 
4 seconds. The signal recorded from the force and displacement sensors are as shown 
below in Figure 5.11. These data is used in the MATLAB’s System Identification toolbox 
to estimate the parameters of the assumed model transfer function of Equation (5.11).
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Without Magnetic Field
xio'
Time(seo)
Figure 5.11 Chirp Input
5.6 Shock Input Case
The input to the shaker is kept zero in the shock test. The shock test is conducted by 
hitting an angle plate connected to the moving block shown in Figure 5.6, which holds 
the MRE specimen. Figure 5.13 shows the acceleration of the impact applied by the 
hammer and Figure 5.12 shows the resulting load cell and laser displacement sensor 
readings.
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W ithout Magnetic Field
-10
-20
0.6 0.80.2 0 . 4
,-3x10
c  0 . 5
0.6 0.80.2 0 . 4
Time(sec)
Figure 5.12 Shock Input
The data recorded in the accelerometer for the shock input is shown below.
2 5 0
200
1 5 0
• 2  5 0
- 5 0
-100
- 1 5 0
0 . 2 5 0 . 30.20 . 1 5  
Time (sec)
0.10 . 0 5
Figure 5.13 Acceleration plot for the shock input
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The frequency spectrum of the above acceleration signal is analyzed and it is plotted 
in Figure 5.14.
0.25
0.2
0.15
0.1
0.05
Frequency content of Acceleration
1
1 wivJlA A. 1
0 100 200 300 400 500
Frequency (Hz)
Figure 5.14 Frequency spectrum of the input acceleration
5.7 Shear Modulus under Magnetic Induction
Table 5.1 shows the transfer functions identified using MATLAB’s System 
Identification toolbox under different magnitudes of magnetic induction. As shown in 
Table 1, it is observed the gain of the system (5.10) increases as the magnitude of the 
magnetic induction increases. It is also observed in Table 5.1 that the shear modulus has 
the frequency dependent characteristics.
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Magnetic Field 
Strength
Chirp Input Shock Input
OT
10687x 1 "0 0 2 8 4 9 4 .
1 + 0.01699 5
1 + 0.009785
9565 X ---------------------
1 + 0.00925 5
0.11 T
,1250x1  + 0.030279. 
1 + 0.017589 5
11047X‘ " 0  0010125.
1 + 0.006268 5
0.16 T
11502X‘ " 0  032097. 
1 + 0.019249 5
13082X‘ " 0  000779. 
1 + 0.003536 5
Table 5.1. Transfer functions for different cases
5.8 Experimental Validation
The transfer functions estimated are validated by comparing its output with measured 
outputs. For the case of the shock input without magnetic field the comparison plot is 
shown in Figure 5.13. Figure 5.14, and Figure 5.15 show the validation plots for the case 
with the magnetic field of 0.11 Tesla and 0.16 Tesla respectively. The shear modulus plot 
for shock input with different magnetic field strength is shown in Figure 5.16.
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Without Magnetic Field - Shock Input
20
Measured
Simulated
z
(U
2
£
-10
-IS
0.5
Time (sec)
Figure 5.15 Validation plot for shock input without magnetic field
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With Magnetic Field (0.11 Tesla) - Shock Input
20
Measured
Simulated
z
—I
1
£
-10
-15. 0.5
Time (sec)
Figure 5.16 Validation plot for shock input with 0.11 Tesla
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With Magnetic Field(0.16 Tesla) - Shock input
20
Measured
Simulated
z
S
£
-10
-15. 0.5
Time (sec)
Figure 5.17 Validation plot for shock input with 0.16 Tesla
Comparison plots of the measured and simulated force f i  for the chirp signal without 
magnetic field is shown in Figure 5.17. Comparison plots for case with 0.11 Tesla and 
0.16 Tesla are shown in Figure 5.18 and Figure 5.19 respectively. The shear modulus plot 
for the chirp input with different magnetic field strengths is shown in Figure 5.20.
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Without Magnetic Field - Chirp Input
20
 Measured
—̂  Simulated
LL
-10
-15
-20
Time (sec)
Figure 5.18 Validation plot for chirp input without magnetic field
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8
With Magnetic Field(0.11 Tesla) - Chirp Input
Measured
Simulated
I
4 6
Time (sec)
8 10
Figure 5.19 Validation plot for chirp input with 0.11 Tesla
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With Magnetic Field(0.16 Tesla) - Chirp Input
20
Measured
Simulated
z
i
£
-10
-15
-20
Time (sec)
Figure 5.20 Validation plot for chirp input with 0.16 Tesla
Considering the estimated transfer functions in the form of the plot
between the magnetic field Bm and the parameters Km, ai and % for both shock and chirp 
inputs were plotted.
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Shock InputX 10
+ 0.0093a  = - 0.061
0.12 0.140.06 0.08 0.1 
Magnetic Field B (Tesla)
0.160.02 0.04
Figure 5.21 Identified values of a/ and % for shock input
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Shock Inputx101.35
K = 2.0584*1 O^B + 0.9379*101.3
1.25
1.15
1.05
0.9
0.14 0.160.02
Figure 5.22 Identified values of Km for Shock Input
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Chirp Input
0.034
0.032
a  = 0.0215B„ + 0Æ
0.03
0.028
A026
2t).024
0.022
0.02
Og = O.OI^B^iJLQies—0.018
I  L . . .
0.016
0.14 0.160.04 0.06 0.08 0.1
Magnetic Field (Tesla)
0.120.02
Figure 5.23 Identified values of aj and «2 for chirp input
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Chirp Inputx101.16
1.15
K = 0.5098*1 O^B +1.06881.14
1.13
1.12
1.09
1.08
1.06
0.02 0.04 0.06 0.08 0.1
Magnetic Field B|^(Tesla)
0.12 0.14 0.16
Figure 5.24 Identified values of Km for chirp input
5.9 Single Mass Isolator Case
Figure 5.25 shows the ideal single mass isolator system subject to the support motion 
Ü . For simplicity in deriving the controller law, the viscoelastic property of the MRE is 
modeled by a simple spring and a dashpot in parallel configuration (Kelvin model). Here, 
the variable stiffness feature of the MRE is utilized to reduce the transmitted acceleration 
to the payload m.
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Input Shock
-u S= x-u 
F{S,S)
MRE 
Shock Isolator Payload
Figure 5.25 Ideal single mass isolator system
Based on the rigid mass assumption, the equation of motion of the mass shown in 
Figure 5.25 becomes
m S  + f { S , S ) = —mii (5.11)
where m  is the mass of the payload, 5 is the deflection of the MRE and ü is the input 
acceleration applied to the MRE. From the above equation it can be easily determined 
that the internal stress in the mass m is proportional to xas shown in the following 
equation
m S
F { S , S )
n  o
mu
Figure 5.26 Free body diagram
i m = -F[S ,S)
The variable stiffness feature of the MRE is modeled as
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k = k^+k^(t)  (5.13)
where ko is the constant and kj is a linear function of the magnetic induction or the 
applied current I  to the electromagnet. However, it is reasonable to consider the dynamics 
involved in the change of the stiffness due to the input current I  supplied to the 
electromagnet by assuming the first order relationship between the input current I  and 
MRE stiffness change ki(t) as
r ,k ,{ t )  + k,{t) = B l  (5.14)
where % is the time constant and B is the gain of the first order model for the stiffness 
change in the MRE. From Equation (5.11), Equation (5.13) and Equation (5.14), the 
single mass MRE system shown in Figure 5.25 can be expressed as
Predictive
C ontro ller
D am p in g  F o rceD elay
Figure 5.27 Control diagram
8  = — [(- mw)]
f {ô , S )  = c 8  + {Jcq + {t))S 
'^kK
(5.15)
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Here, we want to derive a semi active control law for I  that can minimize the transmitted 
acceleration, z , to the payload m.
5.10 Predictive Controller
To derive the control algorithm that can minimize the transmitted acceleration, ̂ , to 
mass m, we can consider the following cost function
J  = ^ Q x ^ i t  + h) + ̂ e l ^  (5.16)
where Q is appositive weight matrix and h and q are positive small number. Equation 
(5.16) represents the weighted sum of future mass acceleration at (t+h), x( t + h) and the 
input current. I,
Using the Taylor series, x(r + h) becomes
x(t  + h) = x(t)  + x ( t )h  (5.17)
where jc(f)can be expressed in terms of the input control current I  using (5.15) as
m = -
m
-C S- iJc Q  -\rk^{t))S—— {KI
= ÜQ + (5.18)
Then the cost function J  becomes
/  =^<2[x(0 + («o + K m Y  (5.19)
To find the control input current I  that minimize J, the derivative of J  with respect to /  
must be zero.
I -
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This leads to the predictive control law of
^ _ Qhh{x{t )  + aQ)
Qblh^  + £
It should be noted that the actual value of I  is restricted to 
0 < /  < 7™.
(5.20)
(5 21)
where Imax is determined by the MRE and electromagnet.
Computer simulation was done using the controller shown in Equation (5.20) and 
Equation (5.21) for the sample shock profile shown in Figure 5.28. This acceleration 
profile is the data collected experimentally from the Army Research Laboratory (ARE).
i . . .  ; . . . . r — 1 :  _ _ _ _ _ _ _ _ _ . . . . . . . . . . . . . i. . . . . . . . . . . . . . . . . . . .
........... 1.. . . ,. . . !. . . . . . .... . . . . . . . . . i. . . . . . . . . 1. . . . . . . . . !. . . . . . . . . . i . . . . . . . . .
i i : 1
W  :
! : I ; ; : i
J _ _ _   ̂ j _ _ _ _ _ i_ _ _ _ _ i_ _ _ _ _ _̂ _ _ _ _ L J
I I
I:
001
r
2
•8 0.050.040015O.&l0
Figure 5.28 Shock profile
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Assuming ±20% variation of MRE stiffness using a magnetic field, the simulation 
results are compared with two passive systems with nominal stiffness K„om and the 
minimum stiffness Table 5.2 shows the simulation parameters for each plots.
m COfi Q e h
Figure 5.29 10 160 0.05 10000 10^ 1 0 '
Figure 5.30 10 160 0.1 10000 10'^ 1 0 '
Figure 5.31 10 50 0.1 10000 10" 1 0 '
Figure 5.32 5 50 0.05 10000 10" 10'^
Table 5.2. Simulation parameters for each plots
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Figure 5.29 Simulation result (m=10kg, œ=160Hz, ^=0.05, Q=10000, s=10'^, h=10'^)
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Figure 5.30 Simulation result (m=10kg, co=16GHz, ^=0.1, Q =10000, G=10 ", h=10'^)
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Figure 5.31 Simulation result (m=10kg, (o=50Hz, ^=0.1, Q=10000, 8=10'^, h=10'^)
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Figure 5.32 Simulation result (m=5kg, o)=50Hz, ^=0.05, Q=10000, 8=10'^, h=10'^)
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CHAPTER 6 
CONCLUSION AND FUTURE RESEARCH
6.1 Conclusion
The modeling of MR damper was done using the method of least squares. A 
MATLAB code was written in order to achieve this for a data size of around 5000 values. 
This huge number of values ensures more accurate values for the parameters. The 
computed model was then validated using the experimental values.
In the case of MR elastomer, the modeling was done using the System Identification 
Toolbox in MATLAB. The modeling was done was different magnetic field strengths. 
There is considerable increase in both the stiffness and damping properties of the MRE 
with the increase in the magnetic field. The results were discussed.
6.2 Future Research
Future Research can be carried out using the proposed MRE isolator system. This is a 
better than the previous system as it has all the components integrated in a single block. 
The schematic of the proposed MRE isolator system is shown in Figure 0.1, and the 3D 
solid model is shown in Figure 0.2. It has the MRE attached to a movable center tube and 
a fixed outer shell. Applying input acceleration to the center tube makes MRE experience 
a shear stress. The coil is placed just over the MRE with the same center tube acting as
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the core for the coil. When electric current is passed through the coil, magnetic field is 
produced around the MRE, which will affect its stiffness properties.
Mass
■ Payload M ass
Iron shell
Non-magnetic ring
Iron rod Bearing
ShockToading
Figure 0.1 Schematic of the proposed MRE isolator
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IRON RING
MASS
NON MAGNETIC 
RING
CYLINDRICAL
OUTER SHELL
RONROD
Figure 0.2 SolidWorks model of the proposed MRE isolator
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APPENDIX
S
f s f Ç :
si s si 1 s; 8- s S 'n f 1 "I f I Ï ? I Ï
1 s A a
I fs
Simulink model used to control the channels and sensors
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Electro-SEIS Model 113 Shaker
Manufacturer: APS Dynamics 
Force: 113 N 
Velocity: 30 inch/sec 
Stroke length: 6.25 inch peak to peak 
Modes: Current and Voltage
Dual mode Model 114-EP Amplifier
Manufacturer: APS Dynamics 
Power output (RMS): 125 VA 
Current output (RMS): 8 A 
Frequency Range: 0-2000 Hz 
Noise: -90 dB 
Input power: 600 W
Laser Displacement sensor Model ILD 1400-50
Manufacturer: Micro-Epsilon 
Measuring Range: 50 mm 
Start of Measuring Range: 45 mm 
End of Measuring Range: 95 mm 
Measuring Rate: 1 kHz
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FW Bell 5180 Gauss Meter
Manufacturer: Sypris 
Freqency bandwidth: DC 30 kHz 
Sampling Rate: lOOK samples/sec 
Range: IG  to 30 kG
Force Sensor Model 208C02
■ ■' i : J- ■
Manufacturer: PCB Piezotronics 
Range: 100 lb
Low Freq Response: 0.001 Hz 
Upper frequency limit: 36 kHz
Industrial ICP Accelerometer
Manufacturer: EMI Sensors
Sensitivity: 10 mV/g
Range: 500 g
Resolution: 2 mg
Din Rail ICP Signal Conditioner
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à* /
Manufacturer: IMI Sensors
Power Rating: 24 V DC 650 mA
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